Michael Longuet-Higgins was a geometer and applied mathematician who made notable contributions to geophysics and physical oceanography, particularly to the theory of oceanic microseism and to the dynamics of finite amplitude, sharp-crested wind-generated surface waves. The latter led to his pioneering studies on breaking waves. On a much larger scale, he showed how ocean waves produce currents around islands in the ocean. He considered wider aspects of the physics of waves, including wave-driven transport of sand along beaches, and the electrical effects of tidal streams. He also contributed to subjects of a geometrical character such as the growth of quasi-crystals, the assembly of protein sheaths in viruses, to chains of circle themes and to a wide variety of other topics. He was an extraordinary applied mathematician, using the simplest forms of mathematics to demonstrate and discover highly complex nonlinear phenomena. In particular, he often thought of problems involving water waves using his unique knowledge of geometry and then tested his theories by experiment. Along with Brooke Benjamin FRS, Sir James Lighthill FRS, Walter Munk FRS, John Miles and Andrei Monin, Michael Longuet-Higgins stands out as one of the towering figures of theoretical fluid dynamics in the twentieth century. His contributions will have a continuing influence on our attempts to understand better the processes that influence the oceans.
basic wave theory behind it. Based partly on the Cauchy-Poisson theory of waves from a localized source and partly on a war-time Ministry of Supply report by Harold Jeffreys FRS, Michael showed that the energy of ocean swell travels away from a storm not with the speed of the wave crests but with the group velocity; in deep water this is just half the speed of individual waves.
Michael was conscious, from his first day at work, that his mathematical training would be put to good use and any theoretical contribution would be appreciated. He thus expressed a close interest in ocean waves. Barber and Ursell had considered only two one-dimensional aspects: distance and time. In reality, sea waves are often choppy and short-crested. Michael wrote a brief report showing how one could extend the idea of the frequency spectrum of water waves to two spatial dimensions, and one of time. Norman Barber conceived of the idea of Fourier-analysing the sea surface by treating a transparent aerial photograph as a diffraction grating, using a light source instead of X-rays. The idea worked. Barber also suggested using the tilting motions of a floating buoy, and its vertical acceleration, to gain information about the spread in direction of the wave energy. These ideas were collected together in a report (Barber 1946) .
George Deacon was also interested in microseisms. These are small oscillations of the ground, present on many seismograms. Like sea waves, they tend to occur sporadically in so-called 'microseism storms'. The first studies appear to have been made at the Vatican Observatory in Rome in the early 1900s. In the 1930s, French investigators had found a connection between the microseisms recorded in Paris and Strasbourg and the ocean swell recorded on the coast of Morocco. The microseisms were somehow related to distant storms south of Iceland, but with a certain time delay-the further the storm from North Africa, the greater the delay of the swell. What could be the cause of the microseisms, and could they be of any use in predicting ocean swell? Perhaps they would even indicate the weather in poorly observed parts of the ocean.
Teddington was close to the famous weather observatory at Kew, where there was also a recording seismograph. Deacon compared the period and amplitude of the microseisms at Kew with the period and amplitude of the swell at their recording station at Perranporth in Cornwall. There was a clear correlation. Surprisingly, however, the period (time interval between successive crests) of the microseisms was just half of that of the corresponding sea waves.
At that very moment, they were visited by the French engineer F. Biesel from NEYRPIC, an organization for hydraulic research based in Grenoble. He drew their attention to a long paper concerning the theory of water waves published in 1944/45 by M. Miche. Among other things, Miche had studied standing water waves, like those sloshing from side to side in a bath, and he had carried his calculations to a second approximation; that is, he included terms proportional to the square or product of the particle displacements. Significantly and surprisingly, Miche had found, at the second approximation, a term in the expression for the pressure that was not dependent on the vertical coordinate; that is, the depth of a particle below the surface. This term fluctuated in time with twice the fundamental frequency of the standing wave.
Miche's mathematical analysis not only was long, but was carried out using Lagrangian coordinates, so often favoured by French mathematicians for fluid calculations, as opposed to the Eulerian coordinates used by others. After converting Miche's analysis to Eulerian coordinates, Michael discovered a much simpler way of carrying out the calculation, and also the physical reason for the frequency doubling: a standing wave was just like a swinging pendulum, with the 'bob' going from side to side. Twice per cycle, the bob was 'up' (higher) and twice it was 'down' (lower). This caused a vertical reaction on the hinge at twice the basic frequency. For water waves, the corresponding motion was similar and easy to compute. It produced a double-frequency pressure, independent of depth.
Furthermore, this happened not just for perfect standing waves-any pair of opposite waves of the same frequency and different amplitudes would also produce the same effort. The double-frequency pressure term was just proportional to the product of the two wave amplitudes. The calculation was equally simple for waves in more than one dimension, which Michael had already considered. Fritz Ursell became interested in Michael's conclusions and provided his own interpretation, based on the idea that the centre of gravity of the whole wave train was raised and lowered twice per cycle; the only external force that could cause this would be a deep pressure variation.
After analysing the records from Pier Cellars in Cornwall, back in Teddington Michael's first concern was to develop a quantitative theory for estimating the microseism amplitude; that is, the vertical displacement of the sea bed caused by a given sea state at a given distance from the storm. Some of the mathematical tools needed (for example, the idea of a continuous two-dimensional wave spectrum) were not then available and had to be invented, as Michael realized. One unexpected factor was the compressibility of sea-water. At certain depths, waves having the same frequency as the applied pressure oscillations resulted in displacements that could be amplified by a factor of order 5. In North America, for example, the largest microseisms originate from the Labrador Sea, where the depth is about 3000 m. Similarly, in Northern Europe and Scandinavia, the largest microseisms come from the deep water off the edge of the continental shelf.
In 1947, all the theory still had to be worked out. Michael spent much of his time in the library of the National Physical Laboratory next door at Teddington, where there was a good selection of scientific journals; others could be obtained on loan from other libraries. Back at his desk in Group W, he worked away with a small Brunsviga calculator.
One last project at Teddington was again at the suggestion of Norman Barber. He pointed out that according to Michael's model of the English Channel as a long straight channel of (semi)elliptical cross-section, the tidally induced electrical potential would have a maximum at the shoreline-say, the English side-and a minimum at the shoreline opposite. But the potential at infinity, that is, at a great distance inland, would be zero. Thus, there would be a gradient of electrical potential inland, at right-angles to the shoreline. Recounting the story later, Michael remarked that, if one were to embed two electrodes in the ground on the same side of the Channel but at different distances from the coast, one ought to detect a difference in voltage between them due to an electrical current being pumped into the land by the tidal dynamo. It should fluctuate with the tidal streams.
To carry out a test of this concept, Barber proposed using an abandoned gunnery range near Worbarrow in Dorset. Collins built a beautifully neat recording galvanometer, contained in a flat box. Michael travelled down to Dorset by road in the Group W van, driven by Rick Hubbard, an assistant. By arrangement with the army, no gun was fired that month. Two pairs of electrodes were placed in the wells of cottages in a north-south line at distances of two to four miles. Michael stayed in a guesthouse nearby and went over from Wool railway station by bicycle. To his delight, the records, when analysed, showed a distinct tidal fluctuation, of the order of 100 mV, which agreed in phase and amplitude with the predicted tidal streams in that part of the English Channel. They had measured the tidal streams without getting their feet wet! Later, this same method was used to measure fluctuations in the strength of the Gulf Stream off the coast of Florida, the flow in Cook Straight, New Zealand, between the North and South Islands, in the Menai Strait between North Wales and Anglesey, and in other places. Most notably F. Philip Bowden (FRS 1948) at the National Institute of Oceanography (NIO) compared the cross-channel voltages between England and France with the predicted tidal streams and was able to infer the additional flow caused by wind. This provided a novel means of measuring wind-stress at the sea surface.
Return to Cambridge
In September 1948, having completed his three years' 'work of national importance', Michael returned to Cambridge to study for a PhD. It seemed to him, however, that he had hardly left Group W. Under Sir Harold Jeffreys and then under Robert Stoneley FRS, of 'Stoneley waves', Michael was allowed to pursue the same investigations as before, reporting to his research supervisor only once at the end of each term.
In his studies of microseisms,* Michael's first inclination was to verify an approximation he had made that the water in the upper layer of the ocean, about half a wavelength thick, could be treated as incompressible even while generating compression waves in the layer below. The approximation turned out to be valid. Then Michael designed and carried out some experiments to test the theory. Given access to a 30-foot-long wave channel in the Geography School, he adapted an old navy hydrophone in order to measure the pressure fluctuations at different depths below standing, or partly reflected, water waves. He had the help of R. I. B. ('Rib') Cooper in the Department of Geology and Geophysics at Madingley Rise. Near the surface, he found a mixture of first and second harmonics, but deeper down, at a depth of half a wavelength or more, only the second harmonic, or frequency-doubled, pressure fluctuations were present, and these persisted to greater depths without attenuation, as predicted. When he demonstrated this phenomenon to George Deacon and his friend Vaughan Lewis in the geography department, they were astonished and delighted. In addition, by measuring the amplitude of the pressure oscillations, which are proportional to the product of the amplitudes of the incident and reflected wave trains, they had found a new and simple tool for determining the amount of energy reflected from different kinds of beaches and submerged obstacles.
Michael's second main investigation at Cambridge also involved water waves. This was related to the movement of sand by waves in shallow water. By applying a boundary-layer theory, in which viscous forces are fully taken into account, Michael found good agreement between his theory and the experiments of R. A. Bagnold FRS. This was of great interest to those interested in how beaches are built up or destroyed by sea waves. * Many decades later, Michael's theory of microseisms became of great interest to seismologists at Cal Tech and the Hydrologic Research Center in San Diego, and they began an interdisciplinary collaboration. According to Longuet-Higgins' theory, when ocean waves are travelling in opposite directions toward each other at the same frequency and at a certain ocean depth, they collide with each other and form stationary waves that remain in a constant position over large areas of the ocean. These waves create tall, pulsing columns of pressure that repeatedly beat down on the ocean floor, causing it to vibrate. The vibrations generate seismic surface waves, which spread out thousands of miles and are detected by seismometers as noise. This new technique is used to predict underwater earthquakes, which can lead to tsunami.
In 1951, Michael was awarded a Prize Fellowship at Trinity College and also a Commonwealth Fund (Harkness) Fellowship to study in the USA. He spent one month initially with Henry Stommel (ForMemRS 1983) at the Woods Hole Oceanographic Institution on Cape Cod, where they collaborated with Melvin Stern on the theory of how to measure ocean currents electrically. They proposed using pairs of electrodes towed behind a ship in order to determine the speed of local currents and the conditions necessary for the method to work.
He then spent eight months with Walter Munk (ForMemRS 1976) at the Scripps Institution in La Jolla, California, working on a variety of topics. During this very productive year, he kept in close touch with George Deacon. The year ended with both attending a conference on microseisms at Harriman, in upstate New York. All the leading workers on microseisms were present, including Frank Press (ForMemRS 1985) and Maurice Ewing (FRS 1972 ) from the Lamont Geological Observatory. Michael gave an outline of his theory, which was followed by comments from Deacon and others.
In a given sea state, not all waves are the same height. At about that time, there was considerable discussion among ocean engineers about the statistical distribution of wave heights and amplitudes. While working in La Jolla, Michael produced a simplified theory based on the assumptions of a narrow-band energy spectrum. From this he calculated the values of some commonly used parameters, such as the 'significant wave height' (the mean height of the 1/3-highest waves), the highest wave among 60 to 100 consecutive waves, and so on. The theoretical ratios between these quantities turned out to be in a good agreement with observation. This theory has continued to be used in spectral wave models. The rest of that year, Michael spent travelling and visiting other oceanographic laboratories in the USA.
On returning to Cambridge, he first collaborated with J. C. P. Miller and with H. S. M. Coxeter FRS of Toronto University on their paper, 'Uniform polyhedra' (1)*. This paper contains photographs of some innovative wire models constructed by Michael between 1942 and 1953. The National Institute of Oceanography: surface waves and tides After two years back in Cambridge with a junior research fellowship, Michael was recruited in 1954 by George Deacon to join the newly founded NIO as a principal scientific officer at Witley, Surrey. There he re-joined his old colleagues from Group W and other, more recent recruits, such as Henry Charnock (FRS 1976 ), David Cartwright (FRS 1984 and Jim Crease.
There were four main aspects of his work: basic theory, laboratory experiments, field observations, often involving new instruments and techniques, and practical applications.
How does the wind make sea waves?
In 1954, the question of how the familiar waves we see on the ocean surface are actually generated by the wind was largely an unsolved problem. This topic still remains unsolved, though much more has been discovered since then. In a famous review article, Ursell (1956) wrote: 'Wind blowing over a water surface generates waves in the water by physical processes which cannot be regarded as known.' * Numbers in this form refer to the bibliography at the end of the text. Michael's first task was to obtain reliable data from the storm area itself. Some of the tools were ready to hand. In Group W, Norman Barber, in collaboration with Frank Pierce, had already designed a 'pitch-and-roll' buoy which could simultaneously record the vertical motion of the sea surface, using a vertical accelerator, and the tilt of the surface in two directions at right-angles (Say N-S and E-W), by means of two gyroscopes. From such data, Barber (1946) had shown theoretically that some indication of the direction of travel of the waves could be obtained in any given band of frequencies. While at Cambridge, in 1955, Michael had further developed Barber's analysis to show how to obtain both the mean direction of travel and a measure of the angular spread of directions.
The pitch-and-roll buoy had been brought from Teddington to Wormley in 1949. With the help of Norman Smith, it was prepared for sea, and a new feature was added: a device for measuring the pressure in the airflow over the buoy. The idea was to find out whether the pressure was systematically greater on the windward side of the wave crest than on the lee side. This would be a critical measurement to decide between different mechanisms of wave generation.
In July 1955, Norman Smith and Michael took the pitch-and-roll buoy to sea in Discovery II. For recording storm waves, the higher the wind, the better. The upper limit was set by their ability to launch and recover the buoy from the heaving deck of the ship. One good storm was missed, but fortunately they encountered another Atlantic storm.
After a long period of analysis, in which David Cartwright joined them using new, digital methods of Fourier analysis, they presented their results in 1961 at an ONR conference on ocean waves. They had measured the energy spectrum of storm waves, and found it to be nearly in agreement with a power-law proposed earlier on by Owen Phillips (1958) . They had determined the angular spread of the energy for given wave periods and shown that it diminished as the wave period grew shorter. Only the measurements of air pressure were problematic, but their pioneering efforts were later improved by other workers. The results they obtained were at least consistent with similar theories of Miles (1957) and Phillips (1957) , but questions remained.
Wave prediction and wave interaction
During the whole of this period, a great advance in the science of ocean wave prediction was the discovery of nonlinear wave interactions. In deep water, surface waves with extremely small slopes do not interact; they simply propagate independently. The linear theory works well for long, low swells. It was shown theoretically by Phillips (1960) , however, that when the wavelength and directions of four separate surface waves are selected in a certain way, they can 'resonate', resulting in the exchange of energy. Michael made an experimental test using one of the long-wave channels at the Hydraulics Research Station at Wallingford with the kind permission of his colleague R. C. H. Russell. A wave of wavelength 1 m was generated at one end of the tank, followed by another 9/4 times the length, which, since it travelled faster, overtook the other. According to the theory, this should produce a wave of length nine times the first, travelling in the opposite direction. But apparently it did not-no 'reflected' wave was detectable.
Puzzled by this result, Michael worked out the coefficient of the interaction and found that it was exactly zero for any two initial waves propagated in the same direction; thus, the theory was not disproved. In the next simplest situation, with two initial waves at right-angles, the interaction was not zero and should be measurable. Michael approached the Admiralty Experiments Works at Haslar, Hampshire, where there was a much smaller rectangular tank, suitable for their purpose. They arranged that along one side of the tank a hinged wave-maker generated waves of frequency f 1 in one direction. Along an adjacent side, a similar wavemaker generated waves of frequency f 2 travelling in a direction at right-angles to the first. The interaction was predicted to generate an oblique wave with frequency (2 f 1 − f 2 ). A vertical wave probe then sampled the fluctuating elevation of the water surface at various points across the tank. The experiment worked very well. They found that the third wave grew in amplitude across the wave tank, just as the theory predicted (3).
Radiation stresses
An important theoretical development, which gave rise to many practical applications, was the discovery of the importance of the flux of momentum in water waves. The flux of energy in surface waves had long been familiar from textbooks such as Lamb's Hydrodynamics (1932). Fluxes of momentum, which are behind many wave phenomena, were less appreciated.
Michael's interest in this topic began when he was on a visit to Vancouver, BC, in 1961. His friend and colleague, Bob Stewart, a Canadian who had studied turbulence under George Batchelor (FRS 1957) at Cambridge, was supervising an old Danish sea captain named Drent for an MSc, during his retirement on Vancouver Island. Drent, following a previous calculation by an engineer called Unna (1947) , had done a theoretical calculation of the steepening of short waves riding on longer gravity waves; they were both shorter and steeper at the longwave crests than at their troughs. The shortening at the crests was not in doubt; it was due to a purely kinematic effect whereby the coming-together of the water particles to form the crests of the long waves causes the water surface to contract horizontally. However, the effect on the amplitude of the short waves was more subtle. Michael found that Unna's and Drent's answer was incorrect. Bob Stewart and Michael traced the physical reason to his neglect of waves being steeper near the long-wave crests, and less steep in the troughs. They showed that the short-wave momentum flux could be described in terms of radiation stress. This is analogous to the stress exerted by light or other electromagnetic radiation when it is reflected from a plane surface. Michael once commented that 'it is the momentum flux from a jet engine that produces its thrust; the momentum flux from a hose pipe aimed at a flat surface produces the pressure on it. The radiation stress in an oscillating wave is simply the extra average momentum flux due to the wave motion'.
Bob Stewart and Michael showed that the radiation stress produces many other effects. For example, as the swell approaches a shoreline, the rigidity of the bottom causes the long waves to shorten and steepen before they break. But the radiation stress causes the mean level of the surface to fall locally, producing a so-called 'wave set-down'. On the other hand, once the waves have broken, that is, once they are inside the surf zone, the momentum flux toward the shore causes a much larger 'wave set-up'.
The concept of radiation stress is very general and can be applied to many different types of wave. In an expository article (2), they explained the stresses in gravity waves and extended the analysis to short 'ripples'. This is the term commonly used for surface waves having wavelengths a few centimetres or less that are partly or wholly governed by surface tension. A year later, Michael showed how the radiation stresses in ripples can account for the amplitude of 'parasitic capillaries', the name given to those short capillary waves often visible on the forward face of steep gravity waves. These are important dynamically, since they extract energy from the longer waves just as they are about to break. The parasitic capillaries can even prevent the longer waves from breaking.
In internal gravity waves, namely those found in stratified fluids, the radiation stresses are even more important, since the particle velocities in these waves are often larger than the phase velocity. Hence, they tend to be more 'nonlinear'.
Rossby waves
Large-scale motions in both the atmosphere and the ocean are strongly influenced by the rotation of the Earth. There is an important class of wave-like motions, the frequencies of which are proportional to rate of rotation. If the Earth's rotation were to vanish, the frequency of these motions would tend to zero-the waves would be reduced to steady currents. Such waves are commonly called 'Rossby waves', although some authors prefer to use Rossby's original name for them, 'planetary waves'.
Carl-Gustaf Rossby's discovery of planetary waves in the atmosphere was based on an insight from Hans Ertel, in Germany, that the motions of fluid in a thin layer, such as the atmosphere, on a rotating globe are governed by the 'spin' or vorticity of the fluid divided by the fluid depth. This quantity is usually called the 'potential vorticity'* and it tends to remain constant. Thus, if the depth of a column of water were to increase, so that a vertical column of wave became longer and thinner, the rate of rotation would have to increase, just like an ice skater whose arms are drawn in. Rossby pointed out that in an atmosphere of constant depth, if a column of air in mid latitudes is displaced southwards, then its spin relative to the rotating Earth must increase; if displaced northwards, its spin must decrease. This leads to a class of waves whose phase velocity is always toward the east.
Near the Equator, the vertical component of Earth's rotation vanishes, and gravity becomes relatively important. Hence, in equatorial regions, there are three possible waves, one gravity type travelling westward, the second gravity type travelling eastward and one eastwardtravelling Rossby wave. It is the travelling internal waves that accompany an El Nino episode. The drastic effect these can have on the global weather is now recognized.
In the early 1960s, Michael began applying some of what he had learned about surface waves in the ocean to both gravity and planetary waves in the ocean and atmosphere. First, he showed that at mid latitudes, although the phase velocity of planetary waves is always to the east, the group velocity, the velocity with which the energy propagates, can be either eastward or westward. The energy in longer waves, such as those generated by typical weather systems, always travels toward the west. This was the basis for Lighthill's (1969) theory of 'westward intensification' of ocean currents: the waves reflected from a western boundary have a smaller (eastwards) group velocity; hence their energy density is higher, producing jets like the Gulf Stream in the North Atlantic and the Kuroshio current in the western Pacific.
Second, Michael studied theoretically the propagation of planetary waves over a complete sphere, and showed that the energetic zone for such waves must always lie between two latitude circles, north and south. At each of these critical latitudes there was a 'wave caustic' at * Potential vorticity is a quantity proportional to the product of the vorticity and stratification and can only be changed by diabatic or frictional processes. It is a useful concept for understanding the generation of vorticity in cyclogenesis, the birth and development of a cyclone, especially along the polar front, and in analysing flow in the ocean.
which the planetary wave's amplitude should be relatively large. The neighbourhood of these critical latitudes has since been a subject of special field investigations. Third, he studied theoretically the propagation of planetary waves over a complete sphere, and showed that the normal modes of oscillation should take the form of eastward-travelling carrier waves, modulated by an envelope, which had zero amplitude on the boundary. Later, in 1966, Michael solved a similar problem, but for planetary waves over a complete hemisphere having longitudinal boundaries through the poles. The logical extension of these studies was to allow for the effects of both rotation of the globe and gravitational forces. This problem for a complete sphere was solved in its entirety.
A similar type of model, but for a hemispherical ocean basin with boundaries passing through the north and south poles, was constructed by Michael and his post-doctoral student, Stephen Pond, in 1968. This model showed the pressure of equatorial-type waves travelling eastwards along the equator as described above. On meeting the eastern boundary of the ocean, their energy was converted into Kelvin waves travelling polewards along the eastern boundary. 'Kelvin wave' is the name given to a gravity wave that becomes trapped by the Earth's rotation so that the energy clings to a boundary. As it travels along the boundary, it always has the boundary to its right in the Northern Hemisphere and to the left in the Southern Hemisphere.
These initial models of the ocean were merely the beginning of a programme of theoretical research designed to isolate and understand, one by one, the main factors controlling timevarying ocean currents. The next factor Michael considered was the strong influence of the uneven depth of water; that is, the local topography. This is of prime importance because the potential vorticity, mentioned earlier, is inversely proportional to the local depth. He therefore discovered a whole class of motions, often called 'topographic Rossby waves'. A map of the potential vorticity of the oceans was compiled by Peter Rhines when he was a PhD student at University of Cambridge. As a result, Michael discovered that it is not only gravity waves that can be guided or trapped by bottom topography, but also planetary waves and waves influenced by both gravity and the Earth's rotation. Many such ideal cases were modelled. In the complex situation of the real ocean, modern digital calculations are necessary, as in the case of the tides (see Cartwright 1999) . Nevertheless, idealized models have been, and still are, useful for interpreting numerical calculations and for suggesting certain parts of the ocean for special exploration. A good example concerns the 'shelf waves' predicted to travel northwards along the continental shelf west of the British Isles.
Wave statistics
A knowledge of the probability distribution of wave heights is particularly useful for the design of oilrigs and other offshore structures subject to wave action. For example, since a high wave may destroy the platform of an oilrig, and every foot added to the height of a rig may add millions of dollars to the cost, the successful prediction of wave heights in a given sea state is important economically.
With such applications in mind, Michael developed a theory for the statistical properties of random surfaces in both one and two dimensions, in terms of their energy spectra. In a series of papers, he extended and generalized the analysis for noise in an electrical signal in order to find the statistical properties of a random, moving surface. When Henry Charnock, after whom the 'Charnock constant' is named, remarked to the author that the sea surface did not really 'look the same upside-down' since the wave crests were sharper than the troughs, Michael took up the challenge and produced a nonlinear statistical theory for relatively steep waves. Among other applications, the theory has been used to calculate a correction to the sea surface measurements made by radar altimeters, from which, in turn, ocean currents may be calculated.
Collaboration between NIO and Cambridge
Michael remained at the NIO until 1967, during which period he held visiting professorships at MIT (1957 MIT ( -1958 , University of California, San Diego (UCSD) (1961-1962 and 1966-1967) and the University of Adelaide (1964) Another notable feature of his activities was the collaboration between the applied mathematicians at Cambridge and the physical oceanographers at NIO, especially in the area of problems of the upper ocean. Seminars were held alternately at NIO and at DAMTP. For example, Owen Phillips and Brooke Benjamin FRS both presented their original ideas at these meetings, and outside speakers included both G. I. Taylor FRS and Sir James Lighthill, who was drawn into oceanography during his five-year directorship of the Royal Aircraft Establishment at Farnborough (1959 Farnborough ( -1964 . Particularly memorable were Lighthill's physical explanation of Miles' theory of wave generation by turbulent shear-flow in air (Lighthill 1962) , and his treatment of waves in nonlinear dispersive systems.
Breaking waves
The statistical theory described above relied on the assumption that the sea surface was at most only slightly nonlinear-the surface slopes were not too large. Wave breaking, on the other hand, is a strongly nonlinear phenomenon. Breaking waves and whitecaps in the deep ocean are both interesting and important for many reasons. They strongly affect the transfer of gases between ocean and atmosphere, gases such as oxygen and the greenhouse gas carbon dioxide. After returning from the United States to Britain in 1969, Michael embarked on the serious study of breaking waves, using all the theoretical and experimental means available, and inventing others.
With Mark Donelan, a Canadian postdoc who came to work with him at Cambridge, he studied the breaking waves generated by a motor launch travelling parallel to a river bank on the river Cam. In the ship-towing tank at Feltham, Middlesex, they studied the turbulence produced below the crest of a breaking wave. They showed how to produce a breaking wave in a laboratory wave channel in Cambridge by generating first short waves and following these up by gradually increasing the period of the wave-maker. In this way, the wave energy could be made to converge at one point at a certain distance from the wave-maker, and so produce a plunging breaker (5) . Subsequently, Michael solved the reverse of the CauchyPoisson problem of spreading wave energy. Stuart Turner, another member of DAMTP, had noticed how, in a flight over the ocean between Perth and Adelaide, the 'whitecaps' appeared and disappeared periodically, with a period just half of the wave period. Together with Mark Donelan, who studied the same phenomenon from a ship on his way back across the Atlantic, Michael and Donelan wrote a letter to Nature explaining the phenomenon (4). They pointed out that this is due to the fact that the steepest wave in a wave group breaks only near the middle of the group, and the group travels with only half of the phase speed. Thus, if you watch waves approaching you from a platform or a pier in deep water, a breaking wave will most likely disappear before it reaches you! Michael also devised some simple but useful expressions for travelling or standing waves of limiting height; the travelling waves have a sharp angle of 120 degrees at their crests, as was shown by George Stokes FRS. Spilling breakers, meaning those with a region of white water on their forward face, were modelled by Stewart Turner (FRS 1982) and Michael theoretically, and they explained a pronounced intermittency in spilling breakers that were noticed in a movie of laboratory waves taken by S. P. Kjeldsen at Trondheim in Norway.
In parallel with his Royal Society professorship, Michael held a Senior Research Fellowship at Trinity College. During the 20 years from 1969, he was a visiting scientist at the California Institute of Technology Jet Propulsion Laboratory, Pasadena (1981 Pasadena ( -1989 and Adjunct Professor at the University of Florida, Gainesville (1981 -1987 . On his retirement in 1987 he was briefly a staff scientist at the La Jolla Institute (1987) (1988) 
Summary of Michael's achievements
Among his many achievements, Michael's more notable contributions were:
• Ocean waves produce microseisms, tiny continuous oscillations of the ground recorded by seismographs, sometimes far inland.
• Because of the Earth's magnetic field, tidal currents could be measured in the English Channel by recording the varying voltages between points in the ground at different distances from the coast.
• The discovery of how underwater sound is produced in the ocean. If one lowers a hydrophone into the ocean, there is a continuous hiss. In fact, the noise is due to the formation of small air bubbles when waves break. Each bubble, as it is formed, makes a sharp click, which is now called bubble noise.
• The discovery of solitary waves of capillary-gravity type, and confirmed by experiments.
• A new instability when steep water waves meet a vertical wall.
• The physics of breaking waves and vortices, which have had a major impact in oceanography.
Michael's other significant contributions include:
• The maximum wave impulse occurs when the wave is not at its maximum height.
• When a two-dimensional turtle with wheels travelled in a wave tank, the waves over the top did not break when the turtle travelled with the waves, but, if the depth was reduced, the waves broke. Thus, the turtle moved backwards-a brilliant demonstration of how sandbanks move forwards or backwards with oncoming waves.
• On the large scale of waves around islands such as Hawaii, waves produce mean circulations around the lands. This was demonstrated in a laboratory tank using Meccano and an oscillating island to model the effects of the oncoming waves.
Personal life
Michael's recreations included music, playing the oboe and tenor recorder, gardening and educational toys. While at Winchester, he built a complete set of wire polyhedra, now on permanent display at Winchester College. In 1953, he wrote a scientific paper on the properties of the Slinky, and in the 1960s made a film on mathematical toys. Inspired by the discovery of quasi-crystals and by his colleague Roger Penrose's discovery of Penrose tiling, he developed a three-dimensional toy with 3 and 5 rotational symmetry, including a patented four-pole magnetic connector, called RHOMBO. He set up a private company, Dextro Mathematical Toys, to manufacture magnetic building-blocks for RHOMBO (see http://www.rhombo.com/); the design was patented in Europe, Asia and the USA. His versatility as a theoretical and experimental physicist is encapsulated in one of Michael's anecdotes while he was at Oregon State University. Deacon gladly housed Michael's collection of polyhedron models in his house. When Michael took some time off to write a paper on projective geometry, Deacon was very supportive. When Michael mentioned this to Dr A. T. Doolson, Director of the Liverpool Tidal Institute, he quoted from the Old Testament: 'Thou shalt not muzzle the ox . . . '. 
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